To measure the mass of the electron neutrino, the "Electron Capture in Holmium-163" (ECHo) collaboration aims at calorimetrically measuring the spectrum following electron capture in 163 Ho. The success of the ECHo experiment depends critically on the radiochemical purity of the 163 Ho sample, which is ion-implanted into the calorimeters. For this, a 30 kV high transmission magnetic mass separator equipped with a resonance ionization laser ion source is used. To meet the ECHo requirements, the ion source unit was optimized with respect to its thermal characteristics and material composition by means of finite element method (FEM) thermal-electric calculations and chemical equilibrium simulation using the Gibbs energy minimization method. The new setup provides a much improved selectivity in laser ionization versus interfering surface ionization of 2700(500) and a superior overall efficiency of 41(5) % for the ion-implantation process.
(Dated: 12 November 2018) To measure the mass of the electron neutrino, the "Electron Capture in Holmium-163" (ECHo) collaboration aims at calorimetrically measuring the spectrum following electron capture in 163 Ho. The success of the ECHo experiment depends critically on the radiochemical purity of the 163 Ho sample, which is ion-implanted into the calorimeters. For this, a 30 kV high transmission magnetic mass separator equipped with a resonance ionization laser ion source is used. To meet the ECHo requirements, the ion source unit was optimized with respect to its thermal characteristics and material composition by means of finite element method (FEM) thermal-electric calculations and chemical equilibrium simulation using the Gibbs energy minimization method. The new setup provides a much improved selectivity in laser ionization versus interfering surface ionization of 2700(500) and a superior overall efficiency of 41(5) % for the ion-implantation process.
I. INTRODUCTION
A resonance ionization laser ion source (RILIS) provides an element-selective and remarkably efficient way to produce ions of almost any element. Such sources are widely used at isotope separator on-line (ISOL) facilities for the efficient production of isotopically and isobarically pure ion beams of rare isotope [1] [2] [3] . Already early it has been shown that multistep laser excitation is particularly useful for selective and efficient isotope separation in the rare earth elements 4 . Therefore, this process is also well suited for ion production to separate and ion-implant the rare unstable isotopes 163 Ho 5 used in the ECHo 6 (Electron Capture in 163 Ho) project. This aims at measuring the electron neutrino mass by recording the spectrum following electron capture of 163 Ho using metallic magnetic calorimeters (MMCs) 7 . The synthetic radioisotope 163 Ho has a half-life of 4570(50) a 8 . For ECHo, it is produced artificially by intense neutron irradiation of enriched 162 Er samples in the ILL high flux nuclear reactor. The 163 Ho is then chemically separated from the target material and unwanted byproducts 9 . The obtained sample mainly consists of the Ho isotopes 163, 165, and 166m. While 165 Ho is stable, the latter isomer 166m Ho is a long-lived (T 1/2 = 1132(4) a 10 ) radioisotope. If present in the MMCs, its emitted radiation will lead to undesired background in the spectrum of 163 Ho. Therefore, the sample is mass separated at the RISIKO isotope separator at Johannes Gutenberg University Mainz to ensure a singleisotope ion implantation into the Au-absorber arrays of the ECHo MMCs. The RISIKO facility in its application for the ECHo source implantation is described in 5 including all details on the laser system and the all-resonant three-step laser excitation and ionization process, which is carried out along strong optical resonance lines of the Ho atom. A sketch of the major components of the mass separator is provided in figure  1 . a) Electronic mail: tomkieck@uni-mainz.de For future phases of the ECHo experiment large amounts of 163 Ho of up to 1 × 10 17 atoms are intended to deliver suitable statistics in the decay spectrum 6 . Correspondingly, for the ion implantation high ion currents in the order of 1 µA and beyond for long term operation over months will be needed. Because of the limited availability of 163 Ho, an excellent efficiency of the ion source as well as the overall implantation process is required. For this purpose the RISIKO mass separator is equipped with an advanced RILIS, allowing for dedicated and well controlled insertion, evaporation, atomization, and final ionization of a multitude of elements including Ho under appropriate conditions. High mobility and negligible losses of the often precious and irrecoverable sample material which is often available only in limited quantities, inside the ion source unit during evaporation and transfer from the sample reservoir to the location of ionization by the entering laser radiation is essential. In addition, highest reliability, mechanical stability during long term operation and re-usability of the major ion source components are indispensable. All these features depend on the physical, thermal, and chemical properties of the sample material, the carrier foil (which is introduced in most cases to assist complete chemical reduction of the sample), and the mechanical ion source components that were studied an optimized in this work. Different surface ion sources for on-line applications were already analyzed and optimized with similar methods [11] [12] [13] [14] but results from these sources are not directly transferable to the RISIKO RILIS. At on-line facilities the massive proton target for production of exotic nuclides by bombardment with highly energetic projectiles leads to a significantly differing thermal situation regarding heat dissipation and distribution in comparison to the reservoir/cavity arrangement of the RISIKO laser ion source setup for the ECHo implantations. Substantial molecule formation in on-line sources is caused by the target material (e.g. UC x ) and cannot be suppressed sufficiently by adding reducing agents as in case of the off-line RILIS at RISIKO.
In general, multi-step resonant laser ionization is entirely element selective but influenced by a number of disturbances and unwanted side effects. Ionization on the hot surfaces 15 Laser Beams that are necessary to produce and sustain single-atom metal vapors contribute to ion-formation aside of resonance ionization. The influence of this effect depends on the purity of the initial sample and on the carrier foil material. In addition, upon heating the sample, evaporation may partially occur in the form of molecular species. They may either decompose, thus releasing atomic species accessible for resonance ionization, or ionize on hot surfaces as molecules. At present, different techniques to overcome this problem of unwanted contaminations in the ion beam have been developed. These include decoupling the ionization volume from the atomizer (e.g. in the LIST or IG-LIS approach 13, 16 ) or using dedicated low-work function materials for lining the inside of the ion source 17 . Main arguments against using these techniques in case of the ECHo ion implantation are high sample losses of typically around 90 % and low ion beam currents due to temperature limitations with rapid degradation of the ion source material in use.
II. THERMAL-ELECTRIC SIMULATION A. Model and Implementation
The conventional RISIKO laser ion source (denoted here as version 1 and sketched in figure 2 ) which was the starting point for the current work, consists of two main parts that are resistively heated independently by electric direct currents.
Part 1, the sample reservoir (a1) serves to produce, transport, and confine the sample vapor and is jointly connected to part 2, the hot cavity (a2), wherein the atoms are ionized. The sample is placed in the upper part of the reservoir, a 165 mm long tantalum capillary with 1 mm inner diameter, closed in the upper third. In the adjacent hot cavity (a2), a 35 mm tantalum tube with 2.5 mm inner diameter, the lasers are focused to resonantly excite and ionize the atoms. Generated ions are guided by the electric field of the heating currents towards the exit hole to access the electrostatic extraction field of the mass separator. Heating currents (max. 150 A and 400 A for reservoir and hot cavity, respectively) are applied via an aircooled clamp to the end of the reservoir and from a watercooled rod through a multilayer tantalum spring (b1) to the hot cavity. Both are grounded through the electrode (b2), which is mounted on a water-cooled plate. The tantalum mounting part (c1) is attached to the spring using a washer (c2) and nut (c3), both made of graphite, to prevent hot surface welding. Heat radiation of the hot cavity is shielded radially by a tantalum tube (d1) surrounded by a multilayer foil and an additional tantalum sheet (d2) towards the extraction gap.
The ion source is drawn as a 3D CAD model in detail. Before computing the temperature distribution a preprocessing step was performed: the model was stripped of irrelevant components and shapes to lower the geometric complexity and save computer run-time. Especially round shapes not significantly affecting the power dissipation or heat transfer were transformed to preferably parallel-edged shapes leading to lower node densities in meshing the finite elements. Figure  3 shows the ion source version 1 before and after preprocessing. The finite element method calculations are carried out by Autodesk R CFD ? with temperature-dependent material properties [18] [19] [20] [21] [22] . Three thermodynamical effects are consid- ered to obtain reliable results 23 :
1. The heating power P which is produced by a constant current I, assuming a resistivity R depending on the temperature T as
2. The transfer of heat q by thermal conduction given bẏ
where λ is the temperature-dependent thermal conductivity.
3. The heat radiation acting as heat transporṫ
with temperature-dependent hemispherical emissivity ε and the Stefan-Boltzmann constant σ .
Numerical approximations of the differential equations used in the simulation need to be analyzed for convergence in node distance ∆x = |x A − x B | of the mesh and iteration steps n 24 . For the first calculation step a rough standard mesh is created and the solver runs in steady-state mode at highest heating currents until convergence is reached. In three subsequent steps, areas of high temperature gradients are localized and the mesh in these regions is refined to enhance accuracy. The resulting adaptive mesh, as shown exemplarily for the hot cavity in figure 4 with about 500 000 elements is used for the subsequent calculations, in which the heating currents are varied.
B. Simulation Results
The result of the initial design version 1 shows a significant temperature drop in the connection region between sample reservoir and hot cavity, where significant heat losses occur through the tantalum spring and adjacent parts. The overall temperature distribution along the source unit is shown in figure 5 by the black curve. This leads either to a condensation point for the sample vapor at this position or to a high surface ion background and mechanical instability while overheating the whole setup to raise the coldest spot above the sample melting point. One aspect of primary importance for optimum source performance was thus to modify the design 
in such a way that the coldest temperature in this region could be kept above the melting point of Ho of 1472 • C 25 .
Assuming highly efficient laser ionization, the region near the ion source exit hole is only of very minor relevance for possible condensation effects. The atoms are already ionized at the reservoir exit and ions are confined by a negative thermal plasma potential 26 . Correspondingly they are efficiently transported to the extraction gap by the weak electric field of the properly poled heating potential along the hot cavity. The refined version 2 of the RILIS evidently includes three improvements. At the central current support between reservoir and hot cavity (c1) to significantly reduce heat-loss through thermal radiation:
1. The spring (b1) is cut off at the top to the smallest possible geometry conserving current and mechanical stability.
2. Because of the very high emissivity of graphite (ε ≈ 0.85 20 ), the material of nut (c3) is changed to molybdenum.
3. The graphite washer (c2) is also replaced by one made of molybdenum.
The resulting temperature curve for version 2 is rather similar to before but now every point of the atom path from reservoir to hot cavity has a temperature above the melting point of Ho as indicated in figure 5 by the red line.
In the next optimization step towards version 3, special attention was given to the mechanical stability of the reservoir (a1) to prevent any possible sample-material losses or measurement disruptions by distortion or rupture of ion source components. A copper supporting ring was constructed that uses the existing infrastructure of two water cooled copper rods for a stable positioning and optimum cooling of the rear end of the reservoir as shown in figure 6 . The sample reservoir was shortened to half its original length and now consists of a 90 • bent capillary, held securely on the copper supporting ring. This design allows for a reliable connection of the reservoir to the hot cavity also at high temperatures, where Ta is getting soft. It also significantly reduces the heat generation at the ion source, while fully conserving the thermal profile of version 2 along the atom path. The related heat stress of the various materials inside the vacuum chamber is thus minimized.
III. CHEMICAL EQUILIBRIUM SIMULATION
As second step, the high-temperature chemistry of the different interacting materials inside the ion source unit was studied. The chemical composition of the sample material is of highest relevance for the achievable RILIS efficiency. Numerous studies have shown that optimum results are obtained, if small samples are dissolved in diluted nitric acid for introduction into the source. Therein the majority of elements, predominantly the metals, are present as oxides (e.g. Ho 2 O 3 ). Before insertion into the ion source, the sample is dried on a small piece of carrier foil of typically 3 mm × 3 mm size, which is co-introduced to serve as reducing agent. The overall mass separator ion current emitted from the ion source is composed of the total of all ionized species. Correspondingly, the ion beam quality in respect to emittance and sample throughput can be maximized by minimizing the ionization of unwanted contaminations on hot surfaces of the ion source. Accordingly, at high temperatures around 2100 • C and low pressure of about 10 −6 mbar, beside the reduction capability of the carrier foil also its high temperature characteristics has to be considered. Optimum properties include a low vapor pressure and a high ionization potential.
For minimizing the Gibbs energy of the chemical reaction system between sample and reducing agent 27 the Equilibrium Composition Module of Outotec HSC Chemistry ? is used.
The results are interpreted considering that this type of chemical simulation does not take into account reaction kinetics.
Obtained results indicate that binary compounds of lanthanide with nitrogen are energetically favorable. Experimentally they were never observed and seem to be strongly inhibited. Thus, these compounds were excluded from the simulation. The standard carrier foil material for the RISIKO laser ion sources, i.e. Ti of 12.5 µm thickness, shows disadvantages in the temperature regime needed for high ion currents starting at around 1500 • C 5 by significant HoO gas formation as shown in figure 7 . The molecules are either not ionized or lost in the magnetic separation. This effect can be avoided by using Zr, which has the additional advantage of a higher melting point. The addition of a small amount of Y in the same order of magnitude as the Ho sample material lowers the reduction temperature and leads to a substantially more uniform and slightly slower rise of the ion current during ion source heating up and thus contributes to a better control of the ion source output and a reduction in high temperature interferences.
IV. EXPERIMENTAL RESULTS
The different adaptations from the simulation results were extensively tested before implementation for routine use in the different implantation phases of the ECHo project and for other experiments at the RISIKO mass separator. For this purpose additional measuring capabilities regarding various relevant parameters and their systematics were introduced.
A. Temperature Measurement
A two color pyrometer (Heitronics KT 81R) is used for a contactless temperature measurement under full operation conditions . While measuring at two infrared wavelengths the results are widely independent of the vacuum window properties and any kind of pollution because of source material vaporization and condensation. The material-dependent emissivity ratio was precisely calibrated by measuring temperatures of a Ta wire up to the melting point with an 10 • C stat. and 22 • C sys. error. The measurement was performed at two characteristic positions of the ion source version 2: heat shield (p1) and sample position in the reservoir (p2) as indicated in figure 2 , combined with heating-power measurements of reservoir (a1) and hot cavity (a2) inside the vacuum chamber. The comparison of measurement and simulation at the reservoir is given in figure 8 , showing a very good absolute temperature agreement within uncertainties. To compare the relative effects of heat radiation and conduction, a measurement of the heat shield is given too, which also agree with results from the simulation.
B. Ionization Efficiency
To evaluate the effect of temperature profile optimization and homogenization, overall efficiencies as described in 5 with the different ion source versions 1 to 3 were measured and compared in figure 9 . The 32(5) % mean value of the earlier measurements with version 1 is increased to 41(5) % of version 2 and 3. This is in good agreement with a 40 % value, as obtained independently by Liu with a slightly different ion source type 28 . This value seams to be close to the efficiency limit of the particular laser ionization scheme for Ho, no longer being influenced by the ion source geometry anymore. The newly chosen reducing agent of Zr or even Zr + Y does not show any significant influence to the overall efficiency and thus gives no hint towards a reduced HoO gas formation. 
C. Mass Spectrometry
Surface ionization gives the possibility to compare the chemical simulation results with the experimental situation. Depending on the ionization potential almost every species in the hot cavity is ionized to a certain extent. Figure 10 compares the measured mass spectra for resonance ionization of Ho with residual surface ionization for the two reducing agents Ti and Zr. The mass spectrum with Ti shows peaks of Ho, HoO, HoO 2 and Ti, also with its oxide. Due to the low melting point of Ti, the number of all Ti ions is almost in the same order of magnitude as that of Ho ions. This might affect the mass separator performance and transmission at high ion currents. The mass spectrum with Zr as reducing agent shows a negligible amount of ions beside Ho. The absence of HoO confirms the excellent reduction capability of Zr as predicted by the simulation. 
D. Laser Selectivity
A further way to analyze the chemical composition inside the ion source is to measure the surface-ion current while blocking the laser beams and compare it to the laser ion signal. These measurements are shown in Figure 11 . A fraction of the HoO gas molecules that hits the hot cavity walls is reduced and surface ionized independently of the laser light. This effect leads to a rather low laser-to-surface ion ratio of 60(50) (see figure 11 ). This signal is most significant at high ion current as produced at temperatures of about 1500 • C confirming the chemical simulation in terms of HoO gas formation. Zr as reducing agent significantly lowers the surface ion signal and leads to a laser ionization selectivity of 2700(500) in the ratio of laser to surface ions, almost 50 times surpassing the earlier value.
V. CONCLUSION
Extensive thermal and chemical simulations have been performed to improve the off-line RILIS used at the RISIKO mass separator of Johannes Gutenberg University Mainz for the present and upgrading it for the future phases of the ECHo experiment. Temperature and mass spectrometric measurements confirm the simulation predictions and the usefulness of the corresponding experimental improvements. The final ion source design has shown highest reliability in operation and an excellent efficiency in Ho ionization of 41(5) %, in good agreement with the value 40 % of Liu obtained at the ISTF2 facility of ORNL in a rather similar approach 28 . The newly chosen reducing agent Zr increases the laser-to-surface ionization selectivity by almost two orders of magnitude, and thus prevents significantly disturbances from interfering surface ions even at high ion source temperatures as needed for envisaged high ion currents in the µA range.
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